A protein homologous to the Torpedo postsynaptic 58K protein is present at the myotendinous junction by unknown
A Protein Homologous to the Torpedo Postsynaptic 
58K Protein Is Present at the Myotendinous Junction 
Q. Chen,* Robert Sealock,* and H. Benjamin Peng* 
Departments of * Cell Biology and Anatomy and *  Physiology, University of North Carolina, Chapel Hill, North Carolina 27599 
Abstract. The 58K protein is a  peripheral  membrane 
protein enriched in the acetyicholine receptor (AChR)- 
rich postsynaptic membrane of Torpedo electric organ. 
Because of its coexistence with AChRs in the post- 
synaptic membrane in both electrocytes and skeletal 
muscle, it is thought to be involved in the formation 
and maintenance of AChR clusters.  Using an mAb 
against the 58K protein of Torpedo electric organ, we 
have identified a  single protein band in SDS-PAGE 
analysis of Xenopus myotomal muscle with an appar- 
ent molecular mass of 48 kD.  With this antibody, the 
distribution of this protein was examined in the myo- 
tomal muscle fibers with immunofluorescence tech- 
niques.  We found that the 48K protein is concentrated 
at the myotendinous junctions (MTJs) of these muscle 
fibers. The MTJ is also enriched in talin and vinculin. 
By double labeling muscle fibers with antibodies 
against talin and the 48K protein, these two proteins 
were found to colocalize at the membrane invagina- 
tions of the MTJ.  In cultured myotomal muscle cells, 
the 48K protein and talin are also colocalized at sites 
of membrane-myofibril interaction. The 48K protein 
is, however, not found at focal adhesion sites in non- 
muscle cells, which are enriched in talin. These data 
suggest that the 48K protein is specifically involved in 
the interaction of myofibrillar actin filaments with the 
plasma membrane at the MTJ.  In addition to the MTJ 
localization, 48K protein is also present at AChR 
clusters both in vivo and in vitro.  Thus, this protein is 
shared by both the MTJ and the neuromuscular 
junction. 
T 
HE myotendinous junction (MTJ) ~  and the neuromus- 
cular junction (NMJ) are two specialized sarcolemmal 
domains of skeletal muscle. At the MTJ, the force gen- 
erated by the contraction of myofibrils is transmitted across 
the plasma membrane to the tendon. At the NMJ, the release 
of neurotransmitter from the nerve terminal is sensed by the 
acetylcholine receptors (AChRs)  in the postsynaptic mem- 
brane. Although these two sarcolemmal domains are distinct 
in function, they share a number of common features. First, 
the density of AChRs is elevated above background level at 
both NMJ  and MTJ,  although the level  at the MTJ never 
reaches that at the NMJ  (12,  13,  17, 23).  Second, acetyl- 
cholinesterase is concentrated at both the NMJ and the MTJ. 
Furthermore, among the different molecular forms of this 
enzyme, the asymmetric form is shared by both junctions 
(22).  Third, the two junctions share certain structural simi- 
larities. For example, membrane invagination is a common 
feature of both the postsynaptic membrane and the MTJ (11, 
39, 40).  A cytoplasmic density and a filamentous network 
underlies these specialized membrane domains at both junc- 
tions. In addition, they also share a  number of peripheral 
membrane proteins, such as vinculin and talin, which medi- 
1. Abbreviations  used in this paper:  AChR,  acetylcholine  receptor; MTJ, 
myotendinous junction; NMJ, neuromuscular junction; R-BTX, tetrameth- 
ylrhodamine-conjugated  o~-bungarotoxin. 
ate membrane-cytoskeleton interaction (2, 31, 34, 35, 37). 
Fourth, we have recently shown that positively charged beads 
induce the formation of AChR clusters as well as a mem- 
brane domain that is morphologically analogous to the MTJ 
(31). Thus, despite their distinct functions, the organization 
and the development of these two sarcolemmal domains bear 
much in common. 
A great deal of information concerning the structure and 
biochemistry of the postsynaptic membrane of skeletal mus- 
cle has come from the study of AChR-rich synapses in Tor- 
pedo electric  organ.  In  association  with  this  AChR-rich 
membrane are several specialized peripheral membrane pro- 
teins,  such as the postsynaptic 43  and 58K proteins (14). 
Using mAbs against the Torpedo postsynaptic membrane, 
homologous proteins have also been found in the endplate of 
skeletal muscle (3, 6,  15, 26). Thus, the postsynaptic mem- 
brane in skeletal muscle contains both a set of general cyto- 
skeletal proteins, such as vinculin and talin, and a  set of 
synapse-specific proteins,  such as  the homologues of the 
Torpedo 43 and 58K proteins. The 43K protein is present in 
the postsynaptic membrane in a 1-to-1 stoichiometry with the 
AChR and is probably linked to the receptor (3, 7, 33), and 
may be directly associated with the lipid bilayer of the post- 
synaptic membrane (24,  29). Removal of this protein by al- 
kaline treatment results in an increase in both the transla- 
tional and rotational mobility of AChRs in the membrane (1, 
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tion of AChRs in the postsynaptic membrane. The function 
of the 58K protein is unknown. Although it is concentrated 
in the postsynaptic membrane, it is also present at a reduced 
level in the extrajunctional region of the muscle cell (15). 
This suggests its function is not restricted to the maintenance 
of the AChR clusters. 
In view of'the structural similarities between the NMJ and 
MTJ, it is important to know whether these specialized post- 
synaptic proteins are also present at the MTJ.  This knowl- 
edge will enable us not only to further understand the func- 
tion of these proteins, but also to delineate the similarities 
and differences between NMJ and MTJ. Toward this goal, we 
have examined the distribution of the postsynaptic 58K pro- 
tein at the MTJ of Xenopus muscle cells both in vivo and in 
vitro and contrasted that with the distribution of the post- 
synaptic 43K protein. We report here that a protein homolo- 
gous to the Torpedo 58K is highly enriched at the MTJ, but 
the 43K protein is totally absent from this sarcolemmal do- 
main. At the MTJ, the 58K protein is colocalized with other 
proteins  involved  in  membrane-cytoskeleton interaction, 
such as talin and vinculin. This suggests that the 58K protein 
is a member of a protein complex mediating the attachment 
of myofibrils to the plasma membrane. 
Materials and Methods 
Antibodies 
Four different antibodies were used in this study: a  mouse mAb against 
chicken  gizzard  vinculin  (C-19;  kindly  provided by  Dr.  K.  Burridge, 
University of North Carolina at Chapel Hill), a  rabbit antiserum against 
chicken gizzard talin (8; also from Dr. K. Burridge) and two mouse mAbs 
against Torpedo  electric organ postsynaptic 58K protein (mAb 1351; 15) and 
43K protein (mAb 1234;  3, 26). Both of these mAbs against Torpedo  pro- 
teins are gifts of Dr.  S. C.  Froehner (Dartmouth Medical School). 
lmmunoblot Analysis 
Tails from Xenopus tadpoles (stage 52), which are composed primarily of 
muscle tissue, were homogenized and subjected to electrophoresis on 10% 
SDS-polyacrylamide gels containing 0.13%  bisacrylamide (20). The pro- 
teins were transferred onto nitrocellulose paper (38)  on a semi-dry elec- 
trophoretic transfer device (LKB Instruments, Inc., Gaithersburg, MD) at 
a current setting of 0.8 mA/cm  2 for 1 h. After blocking unoccupied protein 
binding sites with 5% horse serum, 5% BSA, and 0.05% Tween-20 in PBS, 
pH 7.4,  for I h, the nitrocellulose strips were incubated with mAb 1351 at 
20 nM at room temperature for 1 h. After washing with the same buffer, 
the strips were incubated with biotinylated horse anti-mouse IgG at room 
temperature for 60 min, and the avidin/biotinylated HRP complex (ABC 
kit; Vector Laboratories, Inc., Burlingame, CA) at room temperature for 
45 rain. The strips were developed with the substrate solution (0.4 mg/ml 
4-chloronaphthol and 0.2% H202 in PBS) at room temperature for 5 rain. 
Dissociation of Myotomal Muscle Fibers and Tissue 
Culture of Myotomal Muscle Cells 
Tails were excised from Xenopus tadpoles anesthetized with 0.1% MS-222 
(Sigma Chemical Co., St.  Louis, MO), skinned and incubated with col- 
lagenase (Sigma Type I) at a concentration of 3 mg/ml in frog Ringer solu- 
tion (115 mM NaCI, 2.5 mM KCI, 1.8 mM CaCI2,  5 mM Hepes, pH 7.4) 
for 2 h at room temperature under gentle agitation on a rotator. At the end 
of the incubation, the tails were gently vortexed to release the myotomal 
muscle fibers. They were collected by gentle centrifugation and washed with 
Ringer solution. 
The technique for preparing muscle cell cultures from Xenopus  embryos 
followed those described by Peng and Nakajima (27). In short, the dorsal 
portions of the embryos at stage 20-22  were excised and dissociated in 
Ca  2+, MgE+-free Steinberg's solution. The resultant single cell suspension 
was plated onto coverglass and cultured at room temperature. To induce the 
formation of AChR clusters, the cultures were treated with polyornithine- 
coated latex beads according to a previously published method (25). 
Imraunofluorescence 
Dissociated myotomal muscle fibers were fixed with Luther's fixative  (21; 
0.5% paraformaldehyde, 80 mM cyclohexylamine in 10 mM Pipes buffer 
containing  10 mM MgCI2 and  10 mM EGTA,  pH 6.5)  for 30 rain, and 
washed with 75 mM Tris-HCl buffer (pH 6.7) containing 10 mM MgCb., 
10  mM  NAN3, and  0.5%  Brij  58  (Sigma  Chemical  Co.)  for  1  h. 
Nonspecific binding sites were blocked with 20 mM Tris-HCl buffer (pH 
6.5) containing 0.1%  BSA,  10 mM MgCI2,  and  10 mM NaN3 ("blocking 
buffer") for  1 h.  They were then labeled with primary antibodies recon- 
stituted in blocking buffer.  The primary antibody staining was carried out 
overnight at 4°C.  The fibers were washed and labeled with rhodamine- 
conjugated goat anti-rabbit IgG or fluorescein-conjugated goat anti-mouse 
IgG (Organon Technika, Cochranville, PA) for 1 h at room temperature. 
They were washed and mounted on slides. Microscopy was performed on 
a Leitz Orthoplan microscope. Images were recorded on Kodak T-max film. 
In some experiments, fibers were double stained with antitalin antiserum 
and mAb 1351. In this case, a mixture of these two antibodies was used in 
the primary antibody step and a mixture of appropriate secondary antibod- 
ies was used in the secondary antibody step. To label AChR clusters, fibers 
were treated with 0.3  /~M  tetramethylrhodamine-conjugated t~-bungaro- 
toxin (R-BTX)  immediately after fixation. This is followed by permeation 
with Brij 58 and antibody labeling. To visualize the cell nuclei, fixed, per- 
meabilized fibers were treated with  1 M  4,6-diamidino-2-phenyl-indole 
(DAPI; Sigma Chemical Co.) for 30 min before mounting. 
Cultured muscle cells were fixed with 95% ethanol at -20°C for 4 min, 
washed with  blocking buffer,  and  labeled with antibodies as described 
above.  To  visualize AChR clusters, the cultures were first labeled with 
R-BTX before fixation. 
Immunofluorescence of Cryosections 
In addition to dissociated myotomal muscle fibers, we also examined mAb 
1351 staining in semi-thin frozen sections of myotomal muscle. The tails 
of stage 50 Xenopus tadpoles were fixed and the myotomes were dissected 
under fxative. They were infiltrated with !.6 M sucrose in 0.1 M phosphate 
buffer at pH 7.2 for 2 h, mounted on metal stubs and frozen in pentane slush. 
Semi-thin cryosections (estimated thickness, 0.3/~m) were cut and mounted 
on glass slides.  They  were treated successively with  (1)  mAb  1351 or 
nonspecific mouse IgG, (2) rhodamine-labeled goat anti-mouse IgG con- 
taining FITC-conjugated BTX, (3) rhodamine-labeled rabbit anti-goat IgG 
containing afffinity-purified rabbit anti-BTX antibody labeled with fluores- 
cein, and (4) 4% paraformaldehyde in PBS for 30 min. All antibodies were 
diluted  in  10%  normal horse serum.  Stained sections were mounted in 
glycerol containing n-propylgallatc (16) and examined by fluorescence mi- 
croscopy. 
Results 
Immunoblots with mAb 1351 
Immunoblot analysis  of the total tail  muscle homogenate 
with mAb 1351 demonstrated a single protein band of 48 kD 
(Fig.  1, lane C).  This is in agreement with previous study 
of Froehner et al.  (15) that mAb  1351  recognized a single 
molecular weight species in SDS gel analysis of homoge- 
nates from Torpedo  electric organ and C2 mouse muscle cell 
line. Thus, a protein immunologically related to the Torpedo 
58K  protein is present in the Xenopus myotomal muscle. 
However, the apparent molecular weight of the Xenopus  anti- 
gen on SDS  gel is smaller than that reported for Torpedo 
electric organ and C2 muscle culture.  Since only a single 
band was recognized by mAb 1351, this 48K protein is un- 
likely to be the breakdown product of a larger protein. We 
conclude that the Xenopus  homologue of the 58K protein has 
a lower molecular mass than its Torpedo  counterpart.  For the 
remainder of this paper, this antigen is referred to as the 48K 
protein. 
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Xenopus myotomal muscle homoge- 
nate with mAb 1351. (lane A) Mo- 
lecular mass standards (in kD); (lane 
B) total muscle homogenate. Lanes 
A and B were taken from Coomassie 
blue-stained gel. (Lane C) Immuno- 
blot of total muscle homogenate re- 
acted  with  mAb  1351 followed by 
secondary antibody and color reac- 
tion. A single band with a molecular 
mass of 48 kD (arrowhead) was rec- 
ognized by the antibody. 
when sectioned longitudinally (on the right).  As in mam- 
malian muscle (15),  the labeling was confined to the sar- 
colemma. The center of the tubes, which was occupied by 
extracellular matrix of the invaginated membrane, was not 
stained. 
In control studies, we labeled the dissociated muscle fibers 
or cryosections with nonspecific mouse serum followed by 
usual  secondary  antibody  labeling.  An  example  of  the 
cryosection control is shown in Fig. 5 D, which showed no 
staining of the MTJ and the rest of the muscle fiber in the 
absence of rnAb 1351. Neither was staining observed if the 
muscle  fibers  were  not  permeabilized before mAb  1351 
labeling. 
Localization in Cultured Cells 
To further understand the cellular distribution of the 48K an- 
Localization of the 48K Protein at MTJ 
Single muscle fibers dissociated from the myotomal muscle 
were used to examine the distribution of the 48K protein at 
the MTJ. Examples of these fibers are shown in Fig. 2. They 
ranged from 20 to  100 #m in diameter and were multiple 
nucleated. After dissociation, the nerve terminals innervat- 
ing the ends of these fibers were lost. However, both the MTJ 
and the postsynaptic apparatus  remained intact.  The sar- 
colemma at the ends of  the fibers where the MTJs are located 
is deeply invaginated (19, 31). These invaginations appeared 
as a series of streaky structures after the fibers were stained 
with antibodies against vinculin (Fig. 3) or against talin (Fig. 
4, A and D). Previous studies have shown that these two pro- 
teins are located at the MTJ (31, 35, 37). Thus, the antitalin 
staining was used to identify the sites of MTJ. 
When dissociated myotomal fibers were double labeled 
with antitalin antibody and mAb  1351,  strong staining by 
both antibodies was confined to the ends of the cells (Fig. 
4, A-C). Away from the MTJ, staining was undetectable. At 
the MTJ, the two staining patterns were very nearly identical 
(Fig. 4, A, B, D, and E). This was true even when the pat- 
terns happened to be highly detailed. In Fig. 4 D, each in- 
vagination revealed by the antitalin staining (Fig. 4 D) was 
also recognized by mAb  1351  in a  one-to-one correspon- 
dence (Fig. 4  E). 
To eliminate the possibility that the concentration of mAb 
1351  staining at the MTJ was due to an overlapping of the 
invaginated membrane, we probed semi-thin cryosections of 
muscle fibers with the antibody. Fig. 5 B shows a section that 
cut several muscle fibers from the tail musculature of a Xeno- 
pus larva. The labeled profiles appeared as circles when sec- 
tioned transversely (the fiber on the left) and as hollow tubes 
Figure 2. Dissociated muscle fibers from Xenopus larvae. A and B 
show two live fibers with different diameters in phase contrast. 
These fibers are multiple nucleated as shown by DAPI staining in C. 
Chen et al. Postsynaptic Protein at the Myotendinous Junction  2063 Figure 3. MTJ of the myotomal muscle fiber after labeling with an 
antibody against vinculin. Membrane invaginations were stained by 
this antibody and gave a streaky appearance at the MTJ. The rest 
of the muscle fiber extended downward from this sareolemmal spe- 
cialization. 
tigen, we studied its localization in cell cultures dissociated 
from  the  myotomes  of Xenopus  embryos.  These  cultures 
contained predominantly muscle cells,  but also included a 
small number of nonmuscle cells. In muscle, the antigen rec- 
ognized by mAb 1351  is colocalized with AChR clusters (ar- 
rowhead in Fig. 6, A and B; see also reference 15). In addi- 
tion,  this  antibody  also  stained  a  series  of linear,  streaky 
structures that were often located at the periphery or at the 
ends of the muscle cell (arrows in Fig. 6 A). By comparing 
with  the  phase-contrast  image,  it  can  be  seen  that  these 
fluorescent streaks  were  colocalized with unstriated  fibrils 
which extended from striated myofibrils (Fig. 6, A and C). 
Our previous study on  these muscle cells have shown that 
these unstriated extensions of myofibrils are composed ofac- 
tin filaments which insert into the plasma membrane (28). 
Thus, these mAb 1351-labeled streaks are analogous to the 
MTJ in vivo. To further correlate these streaks with MTJ, we 
double  labeled  cultures  with  both  antitalin  antibody  and 
mAb 1351. Fig. 7, A and B show that these two antigens were 
precisely colocalized at these streaks.  Based on these data, 
Figure 4. Colocalization ofta- 
lin and 48K protein at the MTJ. 
The fibers were double labeled 
with an antibody against talin 
(.4 and D) and mAb 1351 (B 
and  E).  The  talin  staining 
identified  the location of the 
MTJ at the ends of the muscle 
fiber. The invaginations of the 
MTJ  (arrowheads  in  A,  B) 
were lined with both talin and 
the 48K protein. C is the phase- 
contrast view of the area shown 
in A and B. D and E  show a 
more striking  example of the 
correspondence  in  talin  and 
48K distribution.  Little stain- 
ing  was  detected  away  from 
the MTJ. 
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AChRs in the myotomal muscle fibers in semi- 
thin cryosections. (a and c) FITC-BTX images; 
(b) rhodamine  image of mAb 1351 staining; 
and (d) control image of the same section as in 
c. mAb 135 I-labeled membrane invaginations 
at the MTJ (white  open arrowheads  in b). When 
the fiber was transversely sectioned, these in- 
vaginations appeared as circular profiles lined 
by antibody staining (white  solid arrows  in b). 
Staining  was absent from the lumen of these 
circles,  which  was the  extracellular  domain. 
Outside the MTJ domain, the sarcolemma was 
not  stained.  In addition,  mAb  1351 staining 
was also contiguous across the AChR clusters 
at the  NMJ  (black arrowheads in  a  and  /7) 
which existed in the midst of the MTJ invagi- 
nations.  No staining  was observed  when  the 
primary antibody was a nonspecific mouse se- 
rum (d),  even though the  toxin  staining  was 
present  (c). 
we conclude that in vitro, the 48K antigen is also localized 
at sites of myofibril-membrane interaction in a fashion anal- 
ogous to the MTJ specialization in vivo. 
In  nonmuscle  cells,  bundles  of actin  filaments  (stress 
fibers) interacted with the plasma membrane at sites of focal 
adhesion. These sites are enriched in talin (9). Since the pro- 
tein compositions of focal adhesion and MTJ have much in 
common, and since a 58K protein is detected by mAb 1351 
in  several nonmuscle  tissues  in  Torpedo (our  unpublished 
results;  15), we examined nonmuscle cells, including fibro- 
blasts and epithelial cells, in cultures double stained for talin 
and 48K. The focal adhesions in these nonmuscle cells were 
strongly stained by the antitalin antibody, as expected (Fig. 
7 C), but not by mAb 1351 (Fig. 7 D). Thus, the 48K antigen 
is unique  to the site of myofibril-membrane interaction  in 
muscle cells. These data indicate that the molecular interac- 
tion between the myofibril and the plasma membrane at MTJ 
is  different  from the  actin-membrane  interaction  at  focal 
adhesions. 
Relationship of the 48K Protein to AChR Clusters 
Previous study has shown that both the postsynaptic mem- 
brane at the NMJ and AChR clusters in cultured muscle cells 
were recognized by mAb 1351. In view of the new informa- 
tion on the MTJ localization of the 48K protein described 
here,  we reexamined the distribution  of this antigen at the 
AChR clusters in Xenopus  both in vivo and in vitro. 
NMJs in Xenopus myotomal muscle occur on the ends of 
the fibers and are essentially surrounded by the MTJ (31). 
When semi-thin cryosections of the myotomal muscle were 
double labeled with mAb 1351 and R-BTX, one can see that 
the postsynaptic membrane exists in the midst of the 48K- 
positive MTJ specialization (Fig.  5,  A and B).  Within  the 
resolution limit of light microscopy, the area occupied by the 
AChR-rich postsynaptic membrane is also labeled by mAb 
1351. 
To obtain a panoramic view of the relationship between the 
48K protein and AChR clusters,  we also examined the dis- 
sociated myotomal muscle fibers in whole mount. As shown 
in Fig.  8, A-D, the pattern of 48K protein distribution  was 
distinct from that of the AChR clusters. The AChR clusters 
occupied a small area in the midst of the 48K-positive mem- 
brane span,  although  these two domains showed consider- 
able overlap with each other. Comparison of these two pat- 
terns revealed the following differences: (a) the postsynaptic 
membrane was often composed of punctate AChR patches 
(Fig. 8 B). This fine structure was not seen in the mAb 1351 
image. (b) Despite the overlap, some AChR patches were lo- 
cated in membrane areas deficient in the 48K antigen (num- 
bered areas in Fig. 8, A-D). Since AChR clusters totally de- 
void of mAb  1351 staining were not observed in semi-thin 
cryosections, these numbered patches shown in Fig.  8 may 
have a reduced, but not totally absent, mAb 1351 staining. 
This reduced staining may have escaped detection due to the 
intense MTJ staining  in their vicinity. 
Although the majority of myotomal muscle fibers are in- 
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mAb 1351 staining as early as 5 h after the beginning of the 
clustering process set by the addition of  beads. As the density 
of the receptors within the clusters increased with time, evi- 
denced by the increase in R-BTX fluorescence, there was a 
concomitant increase in the intensity of mAb 1351 staining. 
In  Fig.  9  g,  several  24-h-old  bead-induced  clusters  are 
shown. They are accompanied by equally bright mAb 1351 
staining (Fig. 9 h). Thus, the accumulation of this antigen 
paralleled the aggregation of AChRs within the clusters. Fur- 
thermore, the morphology of the AChR-  and 48K-positive 
membrane  domains  showed  striking  similarity  (compare 
Fig. 9, d and e and g and h). This suggests that there is a close 
relationship between the AChRs and the 48K protein at de- 
veloping AChR clusters in vitro. 
Based on these results, we conclude that the 48K protein 
is shared by both the MTJ and the AChR clusters in Xenopus 
myotomal muscle cells. 
Distribution of the 43K Protein in the Myotomal 
Muscle Fiber 
Since both the 58 and 43K proteins are present at the post- 
synaptic  membranes  of Torpedo and  the NMJ  of skeletal 
muscle (14,  15),  we wanted to know whether this relation- 
ship could also be observed at MTJ. The distribution of the 
43K protein in relationship to MTJ and NMJ was examined 
by double labeling dissociated myotomal muscle fibers with 
mAb 1234 and R-BTX. As shown in Fig. 10, the 43K.protein 
was  colocalized  with  AChR  clusters  in  the  postsynaptic 
membrane of dissociated myotomal fibers. Although these 
AChR patches were surrounded by membrane invaginations 
of the MTJ (Fig. 8, A-D), the latter were not labeled by mAb 
1234.  This is in sharp contrast to the pattern of mAb  1351 
staining (Figs. 4 and 8). Thus, the 43K protein was discretely 
localized at the AChR clusters in the postsynaptic membrane 
and was  absent from the MTJ. 
Figure 6. Localization of  48K protein in cultured myotomal muscle 
cell. (A) mAb 1351 staining; (B) R-BTX staining; and (C) phase 
contrast. The antibody stained streaky structures (white arrows in 
A) located at sites of myofibril-membrane interaction. The myo- 
fibrils at these sites were often unstriated. (white  arrows in C). In 
addition, mAb 1351 also stained the cytoplasmic domain of AChR 
clusters (arrowheads in A and B). 
nervated at both ends, a small number of them are singly in- 
nervated as shown by the presence of R-BTX fluorescence at 
only one end of the fiber.  At the noninnervated end, promi- 
nent mAb 1351 staining of the MTJ was still observed (Fig. 
8, E and F). This shows  that the concentration of the 48K 
protein at the MTJ is independent of AChR clustering. 
AChR clusters can be induced in cultured Xenopus muscle 
cells by polycation-coated latex beads (25). This allows one 
to examine the relationship between peripheral membrane 
proteins and developing AChR clusters. As shown in Fig. 9, 
Discussion 
Using  an  mAb  against  the  postsynaptic  58K  protein  of 
Torpedo electric organ,  we have  identified a  homologous 
protein in the myotomal muscle of Xenopus with an apparent 
molecular mass of 48 kD.  Our previous study showed that 
the antigen recognized by mAb  1351 is concentrated at the 
postsynaptic membrane of skeletal muscle and is also pres- 
ent in the extrajunctional membrane (15).  This study has 
shown that 48K protein is, in fact, highly concentrated at the 
MTJ. At the MTJ, this protein is associated with the cytoplas- 
mic side of the invaginated membrane in a pattern similar to 
the distribution of two other peripheral membrane proteins, 
namely talin and vinculin. This suggests that the 48K protein 
is a  member of a  protein complex responsible for the in- 
tegrity of the MTJ specialization. Since the myotomal mus- 
cle can be easily dissociated into single muscle fibers small 
enough for whole-mount immunofluorescence studies and 
the development of both the NMJ and the MTJ specializa- 
tions can be studied in vitro, our works were centered on this 
muscle. However, in addition to the myotomal muscle, we 
have also examined the distribution of the 48K protein in the 
submaxillaris muscle of Xenopus. This muscle exists both in 
the larva and in the adult. We found that the 48K protein is 
The Journal of Cell Biology,  Volume 110, 1990  2066 Figure 7. Relationship of talin and the 48K protein in cultured cells. (A and C) talin image; (B and D) 48K image. In muscle cell, talin 
and 48K coexisted at sites of membrane-myofibrii interaction (arrows in A and B). Although talin was present at sites of focal adhesion 
in nonmuscle cell (arrows  in C), such sites were devoid of mAb 1351 staining (D). 
also concentrated at the MTJ of  this muscle (our unpublished 
results). 
The MTJ integrates the contraction of myofibrils and the 
transmittal of force via the tendon. The membrane invagina- 
tions greatly increase the surface area and the strength of this 
integration (36). Functionally, the MTJ in muscle is analo- 
gous to the focal adhesion sites in fibroblasts and other non- 
muscle cells. At focal adhesions, the attachment of actin fila- 
ments to the plasma membrane is mediated by a complex of 
proteins including vinculin and talin on the cytoplasmic side 
and integrin in the membrane (9). Integrin in turn interacts 
with the extracellular matrix on the substrate. In addition to 
talin and vinculin, recent evidence suggests that integrin is 
also  localized  at  the  MTJ  (5).  This  suggests  that  the 
myofibril-tendon integration at MTJ is also mediated by the 
same  mechanism  as  that used at  the  focal adhesion.  The 
coiocalization of the 48K protein with talin and vinculin sug- 
gests  that  it  may  play  a  similar  role  in  mediating  ac- 
tin-membrane interaction. The fact that the 48K protein is 
only found at the MTJ, but not at the sites of focal adhesion 
in nonmuscle cells, suggests a unique role for this protein in 
mediating the myofibril-membrane interaction. Thus, in ad- 
dition to general cytoskeletal proteins such as talin and vin- 
culin, the interaction of myofibrils to the plasma membrane 
may require certain specialized proteins, such as the 48K, 
which probably are not needed for membrane-actin filament 
interaction in nonmuscle cells. However, the possibility that 
a different isoform of the 48K protein that is not recognized 
by mAb  1351 is present at the focal adhesion sites of non- 
muscle cells can not be excluded at present. 
Both 43 and 58K proteins are colocalized at the postsynap- 
tic membrane of Torpedo electric organ (14).  In  Torpedo, 
both proteins are localized at the crest of the postsynaptic 
folds, an area also occupied by AChR clusters (15, 33). This 
and previous studies have also shown that both proteins are 
present at developing AChR clusters, such as those induced 
by polycation-coated beads  and electric felds  in Xenopus 
cultures (26, 30). Thus, they may play a role in the formation 
and maintenance of AChR clusters. However, this study has 
clearly delineated the difference between these two proteins 
in muscle. While the 43K protein is uniquely associated with 
the AChR-rich postsynaptic membrane, the 48K protein, a 
homologue of the Torpedo 58K protein, is shared by both the 
MTJ and the NMJ. 
The 43K protein is generally thought to impart stability 
to AChR clusters, since its removal results in an increase in 
the  mobility  of AChRs  in  isolated  Torpedo postsynaptic 
membrane (1, 10, 32). However, recent data have shown that 
Chen et al. Postsynaptic Protein at the Myotendinous Junction  2067 Figure 8. Comparison of the 48K protein distribution  and AChR clusters  at MTJ and NMJ of myotomal muscle fibers in whole mount. 
(Left column) 48K localization  as shown by mAb 1351 staining;  (right  column)  AChR clusters  as shown by R-BTX staining.  Each row 
represents  a single fiber examined  at the same focal plane.  The numbers in A:D point to AChR patches  located  in membrane areas with 
a much reduced mAb 1351 staining~ Note the fine structure of AChR clusters  at the NMJ in B. Such fine structure was not seen in the 
48K image (A). In E and F, a noninnervated  end of a fiber is shown.  Despite  the absence of AChR clustering (F),  the presence of the 
48K protein at the MTJ  remained  prominent. 
43K  protein  may be absent  from  early  AChR clusters  in 
Torpedo embryos (18). This suggests that the earliest assem- 
bly of AChRs may comprise of a mechanism independent of 
the 43K protein. ,Unlike the 43K protein, the concentration 
of the 48K antigen is independent  of the AChR clustering 
(Fig.  8  E  and F).  This indicates  that this protein  does not 
interact directly with AChRs at all,sites at which it is concen- 
trated. The MTJ localization of the 48K protein suggests that 
the 48K protein may mediate the interaction between AChRs 
and an actin-based cytoskeleton at the postsynaptic membrane. 
In vitro studies have shown that an actin-based cytoskeleton 
may be the  underlying  mechanism  for the stabilization  of 
AChR clusters as recent studies by Bloch (2) have shown. 
The  presence  of 48K  protein  at  both  MTJ  and  NMJ 
demonstrates  further  homology  between  these  two  sar- 
colemmal  specializations.  In  cultured  Xenopus  myotomal 
cells, polycation-coated latex beads induce the formation of 
AChR clusters as well as a membrane domain with features 
similar to MTJ (25, 31). In this MTJ-like domain, membrane 
invaginations are formed and they are contacted by myofibrils 
The Journal of Cell Biology, Volume  110, 1990  2068 Figure 9.  Presence of 48K protein at developing  AChR clusters  induced  by polycation-coated  beads.  (a, d, and g) R-BTX images;  (b, e, 
and h) FITC images of mAb 1351 staining; and (c, f, and i) phase-contrast images.  Presence  of 48K protein  could be detected  as early 
as 5 h after the onset of AChR clustering  process (a-c). At 8 h of bead-muscle coculture, the mAb 1351 staining pattern closely resembled 
that of the AChR clusters  (d-f).  This similarity  persisted  at well-formed  AChR clusters  after 24 h of bead-muscle coculture (g-i). Arrow- 
heads  in c, f, and i point to beads  that induced  AChR clusters. 
in a  manner similar to that seen at the MTJ (see Fig.  10 in 
reference 31). Consistent with this observation is the fact that 
proteins associated with either the NMJ or MTJ,  including 
AChRs, 43 and 48K proteins, talin and vinculin, are all con- 
centrated at the bead-induced specializations (26, 31). Thus, 
in  vitro,  a  common  signal  provided  by  polycation-coated 
beads stimulates the muscle cell to form both NMJ and MTJ 
specializations.  In vivo, however,  the muscle cell  must re- 
ceive two distinct signals for these two structures, since they 
develop at distinct  sarcolemmal domains.  The cell-cell  in- 
teraction between nerve and muscle may provide the signal 
for synaptic differentiation,  whereas  the  cell-extracellular 
matrix interaction may signal the MTJ development. Eluci- 
dation of the difference in the cellular response to these two 
signals may be essential to understanding the biogenesis of 
the NMJ. In addition, an understanding of the MTJ develop- 
Chen et al. Postsynaptic Protein at the Myotendinous Junction  2069 Figure  10.  Colocalization  of the 43K protein with AChR clusters 
at  the  NMJ.  (A)  43K  localization  as  shown by  mAb  1234  stain- 
ing;  (B)  AChR clusters  as  shown by  R-BTX  staining.  Although 
the NMJs  were present in the midst of the MTJ,  the 43K protein 
was discretely localized  at the NMJ,  in sharp contrast to the 48K 
protein. 
ment  should  provide  valuable  information  on the assembly 
of the macromolecular  complexes  involved in the interaction 
between  the cytoskeleton  and  the  plasma  membrane. 
We thank Drs. Kcith Burridge and Stanley Froehner for generously provid- 
ing antibodies used in this study. Comments  on the manuscript by Bill Roch- 
lin are gratefully acknowledged. 
This va)rk was supported by National  Institutes of Health grants NS- 
23583 (to H.  B.  Peng) and NS-15293 (to  R.  Sealock),  and the Muscular 
Dystrophy Association (to H.  B. Peng). 
Received for publication 27 October 1989 and in revised form 26 February 
1990. 
References 
I. Barrantes, F. J., D.-Ch. Neugebauer, and H. P. Zingsheim. 1980. Peptide 
extraction by alkaline  treatment is accompanied by rearrangement of the 
membrane-bound acetylcholine  receptor  from Torpedo marmorata. FEBS 
(Fed. Fur. Biochem.  Soc.) Lett. 112:73-78. 
2.  BIoch, R. J.  1986. Actin at receptor-rich domains of isolated acetylcholine 
receptor clusters. J.  Cell Biol. 102:1447-1458. 
3.  BIoch, R. J., and S. C. Froehner. 1987. The relationship of the postsynaptic 
43k protein to acetylcholine receptors in receptor clusters isolated  from 
cultured rat myotubes. J.  Cell Biol. 104:645-654. 
4. BIoch,  R. J., and Z. W. Hall.  1983. Cytoskeletal components of the ver- 
tebrate  neuromuscular  junction: vinculin, a-actinin, and filamin. J.  Cell 
Biol. 97:217-223. 
5. Bozyczko,  D., C. Decker, J. Muschler, and A. F. Horwitz.  1989. Integrin 
on developing and adult skeletal  muscle. Exp. Cell Res. 183:72-91. 
6.  Burden, S. J.  1985. The subsynaptic 43kDa protein is concentrated at de- 
veloping nerve-muscle synapses in vitro.  Proc.  Natl. Acad. Sci. USA. 
82:8270-8273. 
7. Burden, S. J., R. L. Depalma, and G. S. Gottesman. 1983. Crosslinking 
of proteins in acetylcholine receptor-rich membranes: association be- 
tween the/~-subunit  and the 43kd subsynaptic protein.  Cell. 35:687-692. 
8. Burridge, K., and L. Connell.  1983.  A new protein of adhesion plaques 
and ruffling membranes. J.  Cell Biol.  97:359-367. 
9. Burridge, K., K. Fath, T. Kelly, G. Nuckolls, and C. Turner. 1988. Focal 
adhesions: transmembrane  junctions  between the extracellular matrix and 
the cytoskeleton. Annu.  Rev. Cell Biol.  4:487-525. 
10. Cartaud, J., A. Sobel,  A. Rousselet, P.  F. Devaux, and J.-P. Changeux. 
1981.  Consequences of alkaline  treatment for the ultrastructure of the 
acetylcholine-receptor-rich  membranes from Torpedo marmorata elec- 
tric organ. J.  Cell Biol. 90:418-426. 
11. Couteaux, R., and P.  Dechavassine. 1968.  Particularites strncturales du 
sarcoplasme sous-neural. Compt. Rend. Acad. Sci. (Paris). D266:8-10. 
12. Cull-Candy, S. G., R. Miledi, and O. D. Uchitel. 1982. Properties of  junc- 
tional  and extrajunctional acetylcholine-receptor channels in organ-cul- 
tured human muscle fibers.  J.  Physiol.  (Lond.).  333:251-267. 
13. Fertuck, H. C., and M. M. Salpeter.  1976. Quantitation of  junctional and 
extmjunctional acetylcholine receptors by electron microscope autoradi- 
ography after ~'-sI-a-bungarotoxin binding at mouse neuromuscular  junc- 
tions. J.  Cell Biol. 69:144-158. 
14. Froehner, S. C.  1986. The role of the postsynaptic cytoskeleton in AChR 
organization. Trends Neurosci.  9:37-41. 
15. Froehner, S. C., A. A. Murnane, M. Tobler, H. B. Peng, and R. Sealock. 
1987.  A  postsynaptic Mr 58,000 (58K)  protein concentrated  at acetyl- 
choline receptor-rich  sites in Torpedo electroplaques and skeletal muscle. 
J.  Cell Biol. 104:1633-1646. 
16. Giloh, H., and J. W. Sedat.  1982. Fluorescence microscopy: reduced pho- 
tobleaching of rhodamine and fluorescein protein conjugates by n-propyl 
gallate.  Science (Wash. DC).  217:  1252-1255. 
17. Katz, B., and R. Miledi.  1964. Further observations on the distribution of 
acetylcholine-reactive  sites in skeletal  muscle. J. Physiol.  (Lond.).  170: 
379-388. 
18. Kordeli,  E.,  J.  Cartaud, H. O.  Nghiem, A.  Devillers-Thiery, and J.  P. 
Changeux. 1989. Asynchronous assembly of the acetylcholine receptor 
and of the 43-kD ~,~ protein in the postsynaptic membrane of developing 
Torpedo marmorata electrocyte. J.  Cell Biol. 108:127-139. 
19. Kullberg, R. W., T. L. Lentz, and M. W. Cohen. 1977. Development of 
the  myotomal neuromuscular junction in Xenopus  laevis: an electro- 
physiological  and fine-structural study. Dev. Biol. 60:101-129. 
20. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature (Lond.).  227:680-685. 
21. Luther, P. W., and R. J. BIoch.  1989.  Formaldehyde-amine fixatives  for 
immunocytochemistry of cultured  Xenopus  myocytes. J.  Histochem. 
Cytochem. 37:75-82. 
22. Massoulie, J.,  and S.  Bon.  1982. The molecular forms of cholinesterase 
and acetylcholinesterase in Vertebrates. Annu. Rev. Neurosci. 5:57-106. 
23. Miledi,  R., and J.  Zelena.  1966.  Sensitivity to acetylcholine  in rat slow 
muscle. Nature (Lond.).  210:855-856. 
24. Musil, L. S., C. Cart, J. B. Cohen, and J. P. Merlie.  1988. Acetylcholine 
receptor-associated  43K protein contains covalently bound myristate. J. 
Cell Biol. 107:1113-1121. 
25. Peng, H. B., and P.-C. Cheng. 1982. Formation of postsynaptic specializa- 
tions induced  by latex  beads in cultured muscle cells. J.  Neurosci.  2: 
1760-1774. 
26.  Peng, H. B., and S. C. Froehner.  1985. Association of the postsynaptic 
43K protein with newly formed acetylcholine  receptor clusters in cultured 
muscle cells. J.  Cell Biol. 100:1698-1705. 
27. Peng, H. B., and Y. Nakajima. 1978. Membrane particle  aggregates in in- 
nervated and noninnervated cultures of Xenopus embryonic muscle cells. 
Proc.  Natl. Acad. Sci. USA. 75:500-504. 
28. Peng, H. B., J. J. Wolosewick, and P.-C. Cheng. 1981. The development 
of myofibrils in cultured muscle cells: a whole-mount and thin-section 
electron microscopic study. Dev. Biol. 88:121-136. 
29. Porter, S., and S. C. Froehner.  1985. Interaction of the 43K protein with 
components of  Torpedo postsynaptic  membranes.  Biochemistry.  24: 
425-432. 
30. Rochlin, M. W., and H. B. Peng.  1989. Localization  of intracellular pro- 
teins at acetylcholine receptor clusters induced by electric  fields in Xeno- 
pus  muscle cells. J.  Cell Sci. 94:73-83. 
31. Rochlin, M. W., Q.  Chen, M. Tobler, C.  E.  Turner, K.  Burridge, and 
H. B.  Peng.  1989. The  relationship between  talin  and  acetylcholine 
receptor clusters in Xenopus muscle cells. J.  Cell Sci. 92:461-472. 
32. Rosselet, A., J.  Cartaud, P.  F. Devaux, and J.-P. Changeux.  1982. The 
rotational  diffusion of the acetylcholine receptor in Torpedo marmorata 
membrane fragments studied with a spin labelled a-toxin: importance of 
the 43,000 protein(s). EMBO (Fur. Mol. Biol. Organ.) J.  1:439-445. 
33. Sealock,  R., B. E. Wray, and S. C. Froehner.  1984. UItrastructural  local- 
ization  of the  Mr  43,000  protein  and  the  acetylcholine  receptor  in 
Torpedo postsynaptic membranes using monoclonal antibodies.  J.  Cell 
Biol. 98:2239-2244. 
34. Sealock,  R., B. Paschal, M. Beckerle,  and K. Burridge.  1986. Talin is a 
post-synaptic component of the rat  neuromuscular junction. Exp. Cell 
Res.  163:143-150. 
35. Shear, C. R., and R. J. Bloch.  1985. Vinculin in subsarcolemmal densities 
The Journal of Cell Biology, Volume ll0,  1990  2070 in chicken skeletal muscle: localization and relationship to intracellular 
and extracellular  structures.  J.  Cell Biol. 101:240-256. 
36. Tidball, J. G., and T. L.  Daniel.  1986. Myotendinous junctions of tonic 
muscle cells: structure  and loading.  Cell Tissue Res. 245:315-322. 
37. TidbaU, J. G., T. O'Halloran,  and K.  Burridge.  1986. Talin at myoten- 
dinous junctions.  J.  Cell Biol. 103:1465-1472. 
38. Towbin, H., T. Staehelin, and J. Gordon.  1979. Electrophoretic transfer 
of proteins from polyacrylamide gets to nitrocellulose sheets: procedure 
and some applications.  Proc.  Natl. Acad. Sci. USA. 76:4350-4354. 
39. Trotter,  J. A., K. Corbett,  and B. P. Avner.  1981. Structure and function 
of the murine muscle-tendon junction.  Anat. Rec. 201:293-302. 
40. Trotter,  J. A., S. Eberhard,  and A. Samora.  1983. Structural connections 
of the muscle-tendon junctions.  Cell Motil.  3:431-438. 
Chen et al. Postsynaptic Protein at the Myotendinous Junction  2071 